Transposable elements (TEs) are families of small DNA sequences found in the genomes of virtually all organisms. The sequences typically encode essential components for the replicative transposition sequences of that TE family. Thus, TEs are simply genomic parasites that inflict detrimental mutations on the fitness of their hosts. Several models have been proposed for the containment of TE copy number in outbreeding host populations such as Drosophila. Surveys of the TEs in genomes from natural populations of Drosophila have played a central role in the investigation of TE dynamics. The early surveys indicated that a typical TE insertion is rare in a population, which has been interpreted as evidence that each TE is selected against. The proposed mechanisms of this natural selection are reviewed here. Subsequent and more targeted surveys identify heterogeneity among types of TEs and also highlight the large role of homologous and possibly ectopic crossing over in the dynamics of the Drosophila TEs. The recent discovery of germline-specific RNA interference via the piwi-interacting RNA pathway opens yet another interesting mechanism that may be critical in containing the copy number of TEs in natural populations of Drosophila. The expected flood of Drosophila population genomics is expected to rapidly advance understanding of the dynamics of TEs.
INTRODUCTION
Transposable elements (TEs) are distinct populations of short sequences in the genomic DNA of all cellular organisms (hosts) that survive and reproduce by 'coding' replicative functions that can increase their numbers within their hosts' genomes in the next generation (figure 1). The vast majority of the wellstudied 'families' of TEs fall into two distinct classes: those that replicate via an RNA intermediate using reverse transcriptase and those that replicate by excision, insertion elsewhere in the host genome and replicative repair of the excised copy using the sister chromatid as a template. Within each of these two broad classes of TEs, many variations on these two fundamental modes of replicative transposition have evolved.
TEs are widely distributed in genomes of both prokaryotes and eukaryotes. Typically, the genomes of multicellular eukaryotes are populated by many distinct families of TEs. Members of the same TE families usually have similar sequences and transpose via the same mechanism. Sequences derived from TEs constitute a substantial fraction of genomes of most eukaryotes and the presence or absence of various TE families as well as their distributions among individuals of the same species are well documented in model species such as Drosophila melanogaster, Caenorhabditis elegans, Arabidopsis thaliana, Mus musculus as well as Homo sapiens. Even though researchers have found examples of TE insertions correlated with positive selective sweeps in specific environments (Daborn et al. 2002; Aminetzach et al. 2005) , the great majority of TE insertions have negative impact on host fitness (Mackay 1989; Pasyukova et al. 2004) and are widely viewed as 'genomic parasites'. TE insertions in or near genes often change gene expression that result in phenotypic changes of the hosts. Because of this mutagenic property, TEs have been used as efficient mutagens in most model organism systems. For example, in Zea mays, large numbers of spontaneous point mutations and chromosomal rearrangements have been associated with 'mobile genetic elements ' (McClintock 1950; Feschotte et al. 2002) . Also, developmentally unstable or variegating mutations have been associated with TE excision.
A typical multicellular eukaryotic host genome contains many copies of apparently transpositionally inactive (defective) copies that became fixed in every genome of the entire host population in the distant past. Some TE families have large populations of mutant nonautonomous copies that depend on the presence of wild-type (autonomous) copies to transpose. Phylogenetic analyses suggest that horizontal transfer (from one host species's genome to that of another) does occur, but is quite rare. The appearance and worldwide spread of the P element in D. melanogaster is perhaps the best-studied case (Daniels et al. 1990 ). Thus, the inferred most recent common ancestor of all members (defective and active) of a TE family can be quite ancient, while the actively transposing subpopulations of a typical TE family tend to have relatively similar sequences and therefore a much more recent inferred common ancestor (perhaps the best-studied example is the human L1 TE: Sassaman et al. 1997; Ostertag & Haig 2001) .
Theoretical modelling of TE dynamics in outbreeding host populations has yielded a number of interesting and testable hypotheses. Perhaps the most significant feature of these models is the high fidelity of the vertical transmission in the hosts' genomes. Since each copy of the TE is replicated and transmitted via sexual reproduction to progeny as an integral segment of the host genome, stochastic loss of all transpositionally competent copies of a TE family from all individuals in the host population is extremely unlikely (Kaplan et al. 1985) . Furthermore, modelling of the evolution of self-regulation indicates that TEs will not evolve mechanisms of a 'prudent predator', but rather it is copy-number-dependent natural selection that must impinge on the TE dynamics if the copy number is to be contained (Charlesworth & Langley 1986 ; see below). Several proposed selective mechanisms for the 'containment' of TE copy number have been analysed and tested experimentally.
While a model based on recombination ('ectopic exchange') leading to strong selection against aneuploid progeny has survived several empirical tests and gained acceptance, there is good evidence that many TE insertions are removed from the population by natural selection on the deleterious phenotypes caused by their insertion into the host's genome. Two recent developments indicate that significant progress on this topic is expected in the near future. First, technological advances in genomic sequencing make it possible to sequence population samples of host genomes, exposing in complete detail the numbers, positions and sequences of the TEs in independently sampled hosts. Second, the emerging understanding of RNA interference in the transcriptional expression and replicative transposition of TEs is leading to new functional insights about mechanisms of TE copy-number containment as discussed below. Drosophila melanogaster is, of course, a central model organism system for the study of molecular, cellular, developmental and physiological genetics and has long been a system of choice for those investigating fundamental forces shaping variation in outbreeding, natural populations of animals. Because of its rich knowledge base and active research community, Drosophila has also played a central role in the study of the dynamics and divergence of TEs in natural populations. Beyond the diverse genetic tools available (markers, balancers, cloned TEs, etc.), Drosophila offered the early investigators of the population genetics of TEs two rare and critical advantages. First (for reasons directly related to the topic of this paper), the Drosophila genome has not accumulated great numbers of ancient, fixed copies of TEs in the gene-rich, euchromatic portion (69%) of its genome. This pattern is dramatically different from the high population frequency of most of the euchromatic TE insertions observed in the human genome. A plausible reason for this discrepancy is that the effective population size of humans is much smaller than that of D. melanogaster and the effective population size has an important role in the theory for the population dynamics and distribution of TEs (see below). Second, the technical ability to physically map DNA sequences, such as TEs, on the salivary gland chromosomes of individual Drosophila larvae provided an efficient (albeit low-resolution) method to characterize population genetic variation in genomic positions occupied by TEs (figure 2).
Before addressing models of the dynamics of TEs, it is useful to review the basic empirical genomics of Drosophila TEs: first in the reference sequence and then in early surveys of population variation. The reference genome of D. melanogaster currently provides the most detailed picture of the distribution of TEs in the genome of a single, inbred laboratory strain (Kaminker et al. 2002; Bergman et al. 2006) . There are 121 TE families and 5390 elements annotated in the most recent analysis, together accounting for 5.5 per cent of the genome. Pericentromeric regions of the five large chromosome arms and the small fourth chromosome exhibit a high proportion of TE-derived sequences (Bergman et al. 2006) . The great majority of sequences derived from TEs in elements with DNA replicative intermediates elements with RNA replicative intermediates Figure 1 . The two modes of replicative transposition of TEs in eukaryotes. The left panel shows the mechanism of retrotransposition in which the TE genome is transcribed into RNA (dashed) and then reverse transcribed into DNA and integrated at a new location by proteins (grey fill), some of which are coded in the TE genome. On the right is a sketch of the mechanism typically used by the second class of TEs in which the double-stranded TE genome is excised from one of the two sister chromatids by the TE-encoded transposase protein (grey fill) that also catalyses the integration elsewhere in the genome of the host's germline. The double-strand break left by the excision is repaired off by the sister chromatid yielding a net increase in copy number. The grey-filled rectangular blocks are the replicated copies of the TEs. The rounded, grey-filled structures depict typical roles of TE proteins in reverse transcription, integration and excision.
these pericentromeric regions are found to be incomplete and nested within other TEs. In contrast, more of the complete copies of TEs are found in the gene rich euchromatic regions and are rarely nested (Bergman et al. 2006) . Only a quarter of TEs are found in regions annotated as transcribed, which accounts for half of the genome, and none appear to be in coding regions of genes (Kaminker et al. 2002) . Surveys of population genetic variation in TEs in natural populations of Drosophila have taken three forms. The most recent builds on the clear picture from the reference sequence and simply asks which if any of the TEs identified in the sequenced laboratory strain can be found in genomes sampled from natural populations. González et al. (2008) used polymerase chain reaction to survey the presence versus absence in six pools of eight to 12 independent strains each. Three hundred and forty-four of the 902 euchromatic TE insertions in the reference genome were not observed in the pools, while 76 per cent of the 902 were observed to be present in low frequency in at least one or more of six surveyed populations. Because of the pooling design, it is difficult to determine if these observations are inconsistent with cytological and southern blot findings (discussed below) that most TE insertions are rare.
While it is possible that forces acting throughout the establishment and maintenance of the sequenced laboratory strain could have yielded the pattern of TEs observed in the reference genome, surveys of TEs in genomes recently sampled from natural populations indicate that the reference strain is not unusual. A number of studies of the distributions of particular TE families were based on cytological localization of in situ hybridized labelled TE DNA to giant salivary gland chromosomes (figure 2) of independently sampled genomes from natural populations of D. melanogaster (reviewed by Charlesworth & Langley 1989; Charlesworth & Lapid 1989; Charlesworth et al. 1992) . Most sites appear to be occupied in only one of the sampled strains (figure 2b). While there is certainly a subset of TE insertions that are sampled recurrently by in situ surveys, the statistical estimation and inference based on the apparent recurrent occupancy (the frequency spectrum) is confounded and limited by variation in occupancy per base pair below the scale of the cytological resolution .
Restriction-map variation in numerous gene regions of Drosophila has been found to be consistent with the results of the in situ surveys. In an early survey of restriction-map variation using southern blots in the 16 kbp region surrounding the Adh gene, Aquadro et al. (1986) observed that all the large insertions (larger than 340 bp) were in fact TE sequences and that they were individually rare if not unique in their sample of 48 alleles. Even the several insertions of the same TE family in a small fragment (approx. 200 bp) proved to be unique (unpublished). Since then many (albeit 'gene-centric') regions of the D. melanogaster genome have been surveyed for restriction-map variation. Consistent with the results from the 'reference sequence centric' and the cytological approaches, this method shows that large insertions (likely to be TEs) are typically rare if not unique in small (less than 50) samples (e.g. Miyashita & Langley 1988; Long et al. 1998) . Most exceptions are observed in pericentromeric regions where crossing over is restricted. The few exceptions in typical euchromatic regions (with normal levels of crossing over per base pair) are, of course, of great inherent interest simply because the recent population genetic dynamics of these genomic regions is likely to be associated with natural selection acting on variation at or near the TE insertion. This skewed frequency spectrum of euchromatic TE insertions is consistent with the predictions of a number of models in which the selection and/or excision reach equilibrium with replicative transposition such that new insertions are removed from the population well before they can reach intermediate frequencies owing to genetic drift.
DYNAMIC MODELS-TRANSPOSITION, EXCISION AND NATURAL SELECTION
In a seminal paper, Charlesworth & Charlesworth (1983) presented a general dynamic model of TE copy-number evolution in terms of transposition, excision and natural selection. The simple and elegant model assumed that, in the germline, each TE replicatively transposes at rate u n and excises at rate v n . Selection against diploid hosts is the second force removing TEs from the population. The simplest form of natural selection assumes the fitness of a host, w n , is a decreasing function of n, the number of TEs of a given family in a diploid host's genome. If mating is random and recombination is sufficiently great, the distribution of TEs will be close to linkage equilibrium. Furthermore, it is reasonable to assume that the number of possible insertion sites in a diploid genome, T, is large compared with the average copy number per genome, n. Charlesworth & Charlesworth (1983 , also see Charlesworth 1985 showed that the approximate change in average copy number per genome per generation under these conditions is given by the following equation:
In the absence of copy-number-dependent regulation of transposition, u is independent of n and is taken as a constant per TE. A similar assumption applies to excision, v. The equilibrium average copy number,n, is given by setting the above equation to zero. In order for this equilibrium to be stable:
2Þ (Charlesworth & Charlesworth 1983) , and therefore the logarithm of fitness declines more rapidly than linearly with average copy number, n (e.g. the stippled concave curve of figure 3, also see Brookfield 1982) .
The frequency distribution of each TE insertions in a population is obtained by extending the above model to finite-sized populations (Charlesworth & Charlesworth 1983 ; also see Langley et al. 1983) . The steady-state distribution of TE frequency is approximated by a b distribution with the pertinent parameters defined as follows:
The parameter a describes the effects of genetic drift and transposition while b captures the combined effect of forces removing TEs (excision and selection). As figure 4 shows, the expected frequency of individual TE insertions varies substantially depending on the magnitudes of a and b, and thus u, v, T,n and sn. Most TE insertions in euchromatic regions of the D. melanogaster genome have been observed to have low frequencies (see above). This pattern led to estimates of b that are substantially greater than one Charlesworth & Langley 1989; Charlesworth & Lapid 1989; Charlesworth et al. 1992) .
Selection against TEs can result from the wellestablished fact that TE insertions in or near genes frequently change gene structure or expression (deleterious insertion model). If this mutational effect of TE insertions is synergistic (figure 3) so that the fitness decline increases faster than linearly with copy number, a stable equilibrium is possible. While synergistic epistasis in the fitness effects of mutations has theoretical appeal and support in the results and interpretation of some mutation accumulation experiments (Mukai 1968) , it remains controversial (Fry 2004) . If the fitness effects of TE insertions are similar to those of other deleterious mutations, the criterion for stable copy-number equilibrium may well be met. However, the genetic and molecular mechanisms of epistatic interactions between such TE-associated mutations are not well understood. Whether these deleterious fitness effects of TEs are sufficiently Given the low transposition rates observed for Drosophila TEs, approximately 10 24 per copy per generation (Nuzhdin & Mackay 1995; Maside et al. 2001 Maside et al. , 2002 , the selection coefficient on each TE insertion is expected to be of a similar order of magnitude at equilibrium. However, the estimated fitness effect of naturally occurring heterozygous deleterious mutations is around 1 -2%, which is too strong to maintain TEs in the population (Charlesworth & Langley 1989; Charlesworth 1991) . Charlesworth (1991) relaxed the assumption of homogeneous selection coefficients against TE insertions to investigate the possibility of reaching a reasonable equilibrium copy number. When two classes of sites are assumed, selected and neutral sites, the equilibrium is very sensitive to the level of excision. In most of the parameter space, TEs accumulate to unrealistically high frequency in the neutral sites. Accumulation of TEs in the neutral sites is also predicted when the model is extended by allowing the strength of selection to vary at the selected sites, either strongly or weakly selected sites. Biologically reasonable equilibria are reached under the scenarios when copies in neutral sites are transpositionally suppressed (perhaps relevant to TE insertions in heterochromatin) or when there are no neutral sites. If the fitness effects of TE insertions are partially recessive, the equilibrium density on the X chromosome is expected to be reduced relative to that on the autosomes. But this was not well supported by the survey data (Montgomery et al. 1987; Langley et al. 1988) . These theoretical and empirical investigations suggest that selection against the mild zygotic fitness TE insertions may not be the major force involved in TE copy-number containment, thus motivating investigations of alternative models, some with specific predictions for the genomic distributions of TEs (see below).
The basic TE selection model above assumes that the density of TEs per cM is sufficiently low (and the frequency spectrum sufficiently skewed) that linkage disequilibrium can be ignored. However, it is widely observed that Drosophila TEs accumulate at regions with low meiotic crossing over per base pair (Bartolome et al. 2002; Kaminker et al. 2002; Rizzon et al. 2002; Bergman et al. 2006) . In situ hybridization surveys routinely observe TE sequence accumulation in centromere proximal regions with lowered crossing over (Rubin 1983 ; reviewed by Charlesworth & Langley 1989; Charlesworth & Lapid 1989; Charlesworth et al. 1992) , on the fourth chromosome (Bartolome & Maside 2004) , and near the breakpoints of polymorphic chromosome inversions (Eanes et al. 1992; Sniegowski & Charlesworth 1994 ). An important obvious exception is the low density of TEs near the telomeres where crossing over is also strongly suppressed (see below). Natural selection against deleterious mutations can strongly influence the dynamics of linked variation, a phenomenon known as background selection (Charlesworth et al. 1993) . In genomic regions where the crossing over per gene is lower, background selection can reduce the equilibrium levels of neutral polymorphism. Charlesworth (1996) incorporated TEs as an additional source of deleterious mutation. Even though the selection coefficient against TE insertions is relatively weak compared with that estimated for heterozygous deleterious mutations, he found the model incorporating both deleterious mutations and TE insertions accounts well for the lower genetic diversity in genomic regions of low crossing over per base pair, such as the distal X chromosome, the pericentromeric regions of major chromosomes (X, 2L, 2R, 3L, 3R) and the fourth chromosome.
Another prediction of selection against deleterious mutations is that the efficacy of selection is lowered at linked sites, the Hill -Robertson effect (Hill & Robertson 1966) . In regions with restricted crossing over, interference with the natural selection against TEs owing to their deleterious effects on zygotic fitness should result in relatively higher rates of accumulation of TEs in low crossing over regions. However, the multilocus dynamics under the HillRobertson effect afford little in the way of analytic predictions. Dolgin & Charlesworth (2008) conducted extensive Monte Carlo simulations to investigate the relative level of accumulation of TEs in regions of the genome with different levels of crossing over. The accumulation of TEs in regions with low crossing over was found to be confined to a surprisingly small part of the parameter space: where the synergistic fitness effects between TEs are weak, the host population size is small, the rate of crossing over is extremely low and the excision rate is essentially zero. Natural populations of Drosophila are not expected to meet this narrow specification. In contrast, the necessary conditions for the alternative model based on ectopic exchange (see below) are more liberal and may well accommodate the observed patterns.
THE ECTOPIC EXCHANGE MODEL
Rearrangements in the genome such as deletions, duplications, inversions and translocations were long suspected to arise through recombination involving nonhomologous but related genomic elements (figure 5). Molecular genetic investigations in a number of systems have born this out and the alternative term 'ectopic' recombination (gene conversion and exchange) was introduced (Lichten et al. 1987) . It was hypothesized that TE copy number might be contained by selection against the aneuploid progeny produced by ectopic exchange . In Drosophila, diverse experiments from Sturtevant's (1925 Sturtevant's ( , 1929 classic Bar duplication studies to the characterization of putative duplications arising in early intralocus recombination studies at white (Green 1959; Judd 1959; Goldberg et al. 1983; Davis et al. 1987 ) fostered this hypothesis. Indeed, a systematic study of ectopic exchange indicated that it could be the most common mutation process in female Drosophila (Montgomery et al. 1991) .
As laid out by Langley et al. (1988) , the impact of the selection against aneuploid progeny is a straightforward extension of the model put forward by Charlesworth & Charlesworth (1983) . The fitness reduction of individuals as a function of the TE copy number is:
where k kl is the rate of exchange between copies at positions (in the J regions) k and l, and
At equilibrium, the ratio of densities of TE copy in two chromosomal regions is a function of the ratio of ectopic exchange rates of two regions. This predicts that TEs tend to accumulate in genomic regions with low ectopic exchange rate. If ectopic exchange rates vary across the genome in parallel with normal crossing over, then the widely observed accumulation of TEs in centromere proximal regions (see above) is consistent with the model. The low density of TEs in the telomeric regions (see above) suggests that the rate of ectopic exchange may be high even though regular homologous exchange is clearly suppressed in this region.
Since the X chromosome experiences proportionally more meiotic recombination, ectopic exchange might be more effective, but the X is also less available as a target for insertion. And the impact of zygotic selection on partially recessive deleterious effects of TE insertions should be more severe on the X than the autosomes, since they would be hemizygous every three generations. Langley et al. (1988) fitted a simple model incorporating both zygotic selection and ectopic exchange (on the X and autosomes) and found that the data fitted acceptably well. Two high-copy-number families showed no evidence of zygotic selection against the mutant phenotypes associated with the TE insertions, while the one low-copy-number family did exhibit a significantly lower TE number on the X, consistent with strong hemizygous selection on the X. But this was not a powerful test of the ectopic exchange model. The most elegant test was to compare the density of TEs near the breakpoints of polymorphic inversions to regions far away. Homologous crossing over is known to be strongly suppressed around the breakpoint of rearrangement in heterokaryotypes suggesting that the ectopic exchange might also be inhibited. Sniegowski & Charlesworth (1994) found that indeed the densities of TEs are higher in chromosome regions proximal to the inversion breakpoints. They concluded that the observed patterns of numbers of TEs and their frequency spectra are inconsistent with Muller's ratchet. Sniegowski & Charlesworth (1994) favour the suppression of ectopic exchange between TEs in inversion heterozygotes as the most plausible explanation.
Another important prediction of the ectopic exchange hypothesis for containment of TE copy number is that incomplete copies of the TEs are expected to be less likely to participate in ectopic exchange (Petrov et al. 2003) and therefore these smaller members of the TE family will persist longer in the Figure 5 . Ectopic exchange leading to a duplicated and deleted chromosome. TEs at different locations along homologous chromosomes can exchange during meiosis to yield daughter chromosomes in the gametes that are complementarily duplicated (grey regions) and deleted. Single 'ectopic' exchanges between nonhomologous chromosomes or in an antiparallel direction produce even greater aneuploidy in the gametes.
population. Their results show a significant negative correlation between TE population frequency and their current size. This observation holds for comparisons between TEs from different families as well as TEs from the same family. Petrov et al. also observed that TE families with higher genomic copy numbers have frequency spectra with more skew towards rare TE insertions. This is consistent with the expectation that the strength of ectopic exchange at removing TEs grows quadratically with copy number.
PIWI-INTERACTING RNA AS A COMPETING MODEL FOR CONTAINMENT
The other possible mechanism for the containment of TE copy number is the regulation of transposition rate, i.e. the transposition rate u n decreases as the copy number n increases (Charlesworth & Charlesworth 1983; Langley et al. 1983) . Equilibrium is reached when the transposition rate equals the excision rate. Because most TE insertions appear to be deleterious to the host, it is natural to postulate that TE variants that can repress the transposition rate will be selected because of the relative reduction in the number of deleterious mutations among their hosts' progeny. Charlesworth & Langley (1986) presented a theoretical analysis that showed such self-regulatory TE variants would be unlikely to evolve in an outbreeding and meiotically recombining host, simply because of the weak dynamic coupling (owing to random assortment and recombination) of genetic variation in the self-regulation with the associated mutational effects. Transposition immunity, in which TEs with self-regulatory ability suppress transposition into their genomic neighbourhood, has been observed in prokaryotes but not yet in eukaryotes (Craig 2002) . Observations of transposition rate decreasing with increasing copy numbers of Drosophila P and I elements, support the possibility of transposition repression (Bucheton et al. 2002; Rio 2002) . However, recent discoveries reveal that this regulation of transposition rate may indeed be host mediated.
Several independent investigations indicate that TE transposition rate may be regulated through a newly discovered pathway that includes host-generated small RNA, the so-called piwi-interacting RNA (piRNA), in the Drosophila germline (Vagin et al. 2006; Brennecke et al. 2007; Gunawardane et al. 2007 ; reviewed in Aravin et al. 2007) . piRNAs are small RNAs (23 -29 bp) and found to be enriched with TE sequences, which leads to the hypothesis of their role in the regulation of TEs. piRNAs are associated with the Piwi clade of the Argonaute protein family, including PIWI, AUB (coded by the Aubergine locus) and AGO3 (Argonaute-3), which are expressed mainly in the Drosophila germline. Loss of function mutations in Piwi and other genes involved in the piRNA generation pathway disrupt the generation of piRNAs, which leads to increases in expression and/ or transposition in several TE families (Sarot et al. 2004; Kalmykova et al. 2005; Savitsky et al. 2006; Chambeyron et al. 2008; Li et al. 2009; Malone et al. 2009 ). The 'ping-pong' model depicted in figure 6 has been proposed to explain the generation and amplification of piRNAs in the Drosophila Gunawardane et al. 2007) .
Piwi proteins are guided by piRNAs to RNA or DNA targets having complementary sequence to piRNAs. Targeted TE RNAs are cleaved by Piwifamily proteins (Saito et al. 2006; Gunawardane et al. 2007) . Another proposed mechanism is the formation of heterochromatin guided by the small RNAs to the targeted genomic regions containing TE-derived sequences (Grewal & Elgin 2007; Klenov et al. 2007; Slotkin & Martienssen 2007) . In this compact chromatin environment, targeted sequences are expected to be less accessible to the transcription machinery. Through either mechanism, the expression potential of the TEs is suppressed. We propose that the piRNA pathway not only suppresses the expression of TE RNAs in the germlines of individuals, but also may well lead to containment of TE copy number in the natural outbreeding host populations, such as Drosophila. This model based on piRNA interference shares two critical elements with the ectopic exchange model that make TE copy-number containment through piRNA such an attractive and robust model for TE copy-number containment. First, piRNA depends directly on sequence homology (not phenotypes expressed via translation). The mechanism is thus general to all families and independent of any specific TE phenotype (other than transcription). Secondly, the ping-pong amplification of piRNAs should grow quadratically or even exponentially with TE copy number (figure 6) and thus potentially provide the built-in synergism necessary to strongly stabilize the distribution of TE copies in host populations. Definitive studies directly linking piRNA to copynumber-dependent transposition rates are still required. A study by Jensen et al. (1999) can be taken as indirect evidence that transposition rate decreases as TE copy number increases. They introduced I elements into D. melanogaster genomes devoid of such elements and showed that the transposition activity decreases as the number of introduced elements to the genome increases. Their results demonstrated that the repression of I element transposition depends on the transcription of, and the sequence homology between, elements, but not on translation. This is consistent with properties of transposition rate regulation through piRNAs. Even though some studies suggest the possibility that some piRNAs are mainly generated from a subset of TE copies , there are not enough data to be conclusive about whether every TE copy contributes differently to the piRNA pool. We note that the TEs that are diverged from the dominant sequences in the piRNA pool are expected to enjoy less suppression and thus more replicative transposition. Also, several studies of the molecular evolution of genes in the piRNA pathway have reported evidence for adaptive evolution (Heger & Ponting 2007; Obbard et al. 2009 ). The divergencebased escape to these two sequence-similarity-based mechanisms (piRNA pathway and ectopic exchange) has the potential to drive an additional TE-host coevolutionary arms race directly at the TE sequences.
The suppression of TE expression through piRNA can only explain how the transposition rate is regulated. However, this does not account for the possible evolutionary forces removing TEs and the observations that most of the TE insertions are rare in a population. As mentioned above, piRNA has been proposed to suppress expression for TEs through heterochromatin formation of the genomic sequences containing TEs. When a euchromatic gene is translocated near heterochromatin, the propagation of heterochromatin marks from the nearby heterochromatin frequently results in the unstable expression of the gene, a phenomenon known as position effect variegation (PEV; see Talbert & Henikoff 2006) . It was shown that an artificially introduced tandem array of TEs can initiate heterochromatin formation within the euchromatic regions, which results in PEV of the nearby reporter gene in Drosophila (Dorer & Henikoff 1994) and naturally occurring PEV caused by TE insertions near genes have been documented (reviewed in Slotkin & Martienssen 2007) . We thus propose that PEV caused by TEs on nearby genes may provide another plausible form of zygotic selection against TEs. The amplification of piRNAs once again provides the necessary synergism of stable equilibrium in the dynamics of TE containment.
CONCLUSIONS
The dynamics of TEs in natural populations of Drosophila can be studied effectively via comparisons of predictions of models to population samples. Active TEs and their recent descendents can readily be detected and analysed. The mechanism(s) that may be critical to the 'containment' of TE copy numbers in outbreeding populations of hosts such as Drosophila remains an open question. Simple zygotic selection against the deleterious phenotype of the mutations associated with TE insertions clearly influences the observed patterns, e.g. TEs are seldom found within transcription units. But a number of model-based tests have suggested that selection against the zygotic fitness reductions associated with TE insertion is unlikely to be the critical mechanism in the containment of TE copy number. Ectopic exchange between nonhomologous copies of a TE family is a well-documented meiotic phenomenon that has the potential to provide a robust explanation for the observed distributions of TEs in samples from natural populations. The recently discovered germline-specific RNA interference shares attractive features with the ectopic exchange model, i.e. being dependent only on genomic sequence similarity (not on encoded protein structure and function) and on having a potentially greater than linear response with increasing copy number. The piRNA pathway may prove to be a critical element of TE copy-number containment. Virtually, all the questions concerning the population dynamics of Drosophila TEs raised in the literature and discussed here will be open to detailed re-examination and powerful testing based on the anticipated samples of fully sequenced Drosophila genomes.
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